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## 4370622221 : MAJOR ELECTRICAL ENGINEERING
KEY WORD: ANALOG-TO-DIGITAL CONVERTER / DOUBLE SAMPLING / BOOTSTRAP /
CLOSED-LOOP POLES PLACEMENT / DIGITAL ERROR CORRECTION
ATIT TAMTRAKARN : A DESIGN OF A 10-BIT HIGH-SPEED LOW-POWER LOW-
VOLTAGE PIPELINED ANALOG-TO-DIGITAL CONVERTER. THESIS ADVISOR : ASST.

PROF. NAIYAVUDHI WONGKOMET, Ph.D., 87 pp. ISBN 974-17-1151-4.

This thesis presents a 10-bit pipeline ADC using double sampling technique to achieve a
conversion rate of 40 MS/s at 2.5-V supply. The ADC architecture is 1.5 bit/stage pipeline with digital
error correction. The opamps in the ADC are folded-cascode two-stage. The first stage features techniques
such as common-mode stabilized active load which is cross-coupled cascode connection, and close-loop
pole placement. The sub-ADCs are constructed by dynamic comparators and digital logic gates. MOS
switches are driven by bootstrapping circuits that do not subject the devices to large terminal voltages.
The design is based on a 0.5-lm CMOS technology. Simulation results have been checked for all process
corners including the effect of 30 capacitor mismatches, comparator offset, 110% variation in poly-poly
capacitor and temperature variation from 0°C to 70°C. The results show that the converter has DNL less
than 0.5 LSB and achieves 59.3 dB SNDR for 100 kHz and 55.1 dB for 15.1 MHz sinusoidal inputs.

Power consumption is estimated at 34.8 mW.
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ABSTRACT

This paper presents a 10-bit pipeline ADC using double
sampling technique to achieve a conversion rate of 40
MS/s at 2.5-V supply. The opamps are two-stage with
folded-cascode as the first stage and feature techniques
such as common-mode stabilized active load, cross-
coupled cascode connection, and close-loop pole
placement. MOS switches are driven by bootstrapping
circuits that do not subject the devices to large terminal
voltages. The chip is being fabricated in a 0.5-um CMOS
technology. Simulation results have been checked for all
process corners including the effect of 3o capacitor
mismatches, comparator offset, +10% variation in poly-
poly capacitor and temperature variation from 0°C to
70°C. The results show that the converter has DNL less
than 0.5LSB and achieves 59.3 dB SNDR at 100 kHz
and 55.1dB at 15.1 MHz sinusoidal inputs. Power
consumption is estimated at 34.8 mW.

1. INTRODUCTION

Designing analog circuits for modern portable devices
is a major challenge. The supply voltage-is-usually very
low due to the power reduction in digital circuits. This,
unfortunately, increases the power consumption of
analog circuits. Furthermore, these modern devices
require higher speed analog building blocks despite the
low-voltage and low-power constraints.

To understand the states of current state-of-the-art
ADCs, figure 1 has been plotted to show the relationship
between power dissipation normalized to the sampling
rate versus supply voltage for some recently reported 10-
bit ADCs [1]-[13]. These-ADCs are -implemented in
CMOS and are based on pipelined and subranging
techniques. This figure shows that lower-voltage ADCs
normally have higher power dissipation than higher-
voltage ADCs. However, the proposed ADC in this paper
despite operating from a low 2.5-V supply has the lowest
normalized power dissipation.

This paper gives an overview of the power-optimized
pipeline architecture in section 2. Section 3
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Figure 1. Power per sampling rate versus supply
voltage for recently reported 10-bit ADCs.

out

B bits
Figure 2. Structure of each stage in pipeline A/D
converter

introduces double sampling technique. In section 4, the
circuit design techniques are described. Finally, the
simulation results are presented in section 5.

2.  POWER-OPTIMIZED PIPELINE
ARCHITECTURE

As shown in figure 2, each stage of the pipeline A/D
converter consists of a sub-ADC, a sub-DAC, a sample-
and-hold with amplification (SHA) and a subtractor. The
accuracy of the first stage must be as good as ten bits, but
can be relaxed for the later stages. Hence, the use of
identical stages through the pipeline converter is not an
optimal solution in terms of power and area. Common
solutions are to optimize the number of single-ended.
The circuits design approaches are to optimized per-stage
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Figure 3. Two-phase double sampling SHA.
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Figure 4. Clock timing diagram for SHA and
comparators.

resolution and to scale sampling capacitor size in each
stage through the converter.

An important design tradeoff is the-number-of bits per
stage. The more bits per ‘stage, the more " power
consumption per stage but the fewer number of stages.
For high-speed converters, per-stage resolution is
typically kept below two bits because it is difficult to
realize an SHA with both high speed and high gain: It is
common agreed: that the optimum number of bit is 1
bit/stage [3]-[5]. For 1 bit/stage converters (B=1), the
SHA must have a closed-loop gain of two and the sub-
AJD is reduced to only a comparator.

Digital Error Correction (DEC) technique is a
powerful technique to relax the offset specification. With
this technique, offset can be as large as one-fourth of full
scale. With this technique, a redundancy bit is needed for
each stage. This changes the optimal per-stage
resolution changed from one bit/stage to 1.5
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bit/stage [2]-[4]. For 1.5-bit/stage conversion, the SHA
still has the same closed-loop gain as one bit/stage
converter. The digital output becomes three levels. This
makes each sub-A/D requires two comparators and a
two-bit-thermometer-to-binary encoder.

Other issued to be considered are noise and matching,
which are mainly determined by sampling capacitor size.
The larger capacitance, the lower noise and better
matching but the SHA requires more power because the
opamp has to drive large capacitive load. The optimum
capacitor size for each stage is determined by trading-off
noise, bandwidth and matching to meet all specifications
while achieving the lowest power consumption.

With DEC technique, a 1.5-bit/stage 10-bit A/D
converter has nine stages. Each stage has a SHA, a 1.5-
bit sub-A/D, and a 1.5-bit sub-D/A except the last stage.
Since the output residue is not further required in the last
stage, the last stage consists of only a two-bit sub-ADC.
Therefore, each stage contains one opamp and two
comparators except the last stage, which uses only three
comparators. Since there are nine stages, the converter
needs eight opamps 19 comparators and a number of
switches.

3. DOUBLE SAMPLING TECHNIQUE

Typical switched-capacitor (SC) circuits as in the SHA
use half the clock period to reset the capacitors and
another half to evaluate the output voltage; hence, the
opamp is idle during the reset period but still consumes
power. Double sampling technique, by adding another set
of switches and capacitors, alleviates this problem and
permits full utilization of opamps during both phases
[15]. A double sampling SHA is shown in figure 3.
There are two sets of sampling capacitors. During the
first phase, as shown in figure 3(a), Cs; and Cy; sample
the input signal, while Cg, and Cs, are connected to the
opamp in feedback configuration. During the next phase,
as shown in figure 3(b), Cy and Cy are connected in
feedback configuration, while Cy, and Cy sample the
input.-This scheme allows the opamp to operate during
both-phases and -thus doubling the sampling rate with
minimal increase in power consumption. In this ADC,
sub-A/Ds require 40 MHz clock while SHAs need only
20 MHz non-overlapping-clocks; therefore, the clock
timing is ‘arranged as shown in figure 4. The necessary

clock signals are ¢1,¢ld,¢2,¢2d and ¢,. ¢l,¢1d,¢2,¢2d

are for the SHA and ¢, are for the comparators in the

sub ADCs, while @, ;, is the external clock input. For

1.5 bit/stage converters, all of the sampling capacitors
must be equal, or capacitor mismatch must less than
0.1% to keep gain error less than 1 LSB, to achieve the
close-loop gain of two as described in section 2.
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Figure 5. Low voltage opamp with common-mode
stabilized active load.

4. CIRCUIT DESIGN TECHNIQUE

A fully differential topology has been chosen rather
than a single-ended topology. The circuit design is
described in detail in the following sections.

4.1 Low-voltage opamp

Opamp is the most important building block in a
pipeline ADC. For low-voltage supply, the opamp needs
wide input voltage range and wide output voltage swing.
Cascode topology is not preferred because the output
voltage swing is limited by the cascode devices. It seems
that conventional two-stage topology is the best
candidate but this topology consumes high power and
does not have enough DC gain for high-resolution A/D
converters. Moreover, for fully differential topology, a
two-stage opamp normally requires a common-mode
feedback (CMFB) amplifier to sense common-mode
output voltage, invert the phase, and feedback to the first
stage. This consumes more power because CMFB
amplifier must be as fast as the main amplifier.

The opamp topology used in this ADC is shown in
figure 5. The input stage is a folded-cascode stage with
common-mode stabilized active load ‘and ‘the ‘second
stage is a class A~ common source.  The  cascode
compensation scheme is chosen for this opamp rather
than the conventional miller compensation to achieve
lower power consumption.

The common-mode stabilized active load, consists of
eight equal size transistors Mg-Mgs, is preferred as the
first stage active load rather than normal cascode active
load. With this load, differential signals see high load
impedance since transconductance of My,-Mys are
cancelled by the transconductance of Mg-My;. In the
mean time, the common-mode signal impedance is low
and thus the common-mode voltage in the first stage
output is stable enough without a CMFB. This scheme
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Figure 6. The half circuit small-signal model of figure 5.
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Figure 7. Closed-loop pole-zero plot.

eliminates the need to reverse the phase of common-
mode feedback signal and allows a switched-capacitor
CMFB (SC CMFB) to be applied to the second stage
directly.

A cascode-compensated opamp is a two-zero three-
pole system and is difficult to design with conventional
design techniques. A good approach is to use closed-loop
poles placement technique [18]. The closed-loop poles
placement technique is the method that fixes position of
poles and zeros when the system is closed loop and then
find out what the value of physical device parameters
are. This technique simplifies the design of such complex
system.

From an analysis of the small-signal model in figure
6, the closed-loop transfer function denoted by Hg(s) is
given by eq.(1) where C; = C,C_ +C,Cc+C, Cc.

gmz (929 7C2CCSZ)
Hy(s) = €l
cl
s 92 (CL +Cc) = AImCe $2 4 Im29msCc S+mm19ngm3
c? C,C? C,C?
@

The function shows that there are two zeros, one real
poles and two complex poles. Since the zeros are at the
same frequency but on different half of the plane as
given by eq.(2), the zeros do not degrade phase margin.

a)z — i gngm3 (2)
C,Cc

The denominator of the closed-loop transfer function,
denoted as D(s), indicates the positions of closed-loop
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Figure 8. Simulated opamp transient response.

polesin terms of &, & and @, as shown in eq.(3) and

the poles positions can be seen by closed-loop pole-zero
plot in figure 7.

D(s) = (s + aéw,)(s* + 26w, 5+ w?) = (3)
By factorizing the denominator in eq.(1), it was found
that the parameters o , & and @, are related to the

physical device parameters as shown in eq.(4)-eq.(6).
The optimum value of these parameters can be obtained
by the desired step response, as shown in eq.(7), and
numerical optimization. In this paper, « =0.9 and

& =0.85 are the optimum values in term of power
consumption.

(2+a)§a) — ng(CC +CL)_ﬂgmlCC

4
c? (4)
C
21+2 2 :gm29m3 G 5
@, (1+2a&7) ———CZCT?_ ©)
3 ﬁgmlgngm3
= Lefizm2Ims 6
asw, c,C? (6)
wO=A L
T 1208 + a2
aé:e—é’wnt

1-208 + a8 (=25 +ag)cos(y) ()

A-28 +aé?) .
+25 720 Jsin(y)
J1-&2

where v,(t) is the step response, A, is the closed-loop dc

gain, and y = @ ty/1- &% .

The simulating shows that the first stage opamp has
dc gain exceed 90 dB and the 0.1% settling time is less
than 15 ns as shown in figure 8. The sampling capacitor
for the first stage is 380 fF which is determined by
capacitor matching requirement. The simulated power
dissipation of
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Figure 9. Dynamic comparator.

the first stage opamp is less than 3 mW.
4.2 Dynamic comparator

In high-resolution A/D converters, precision
comparators consume dc power since low-offset pre-amp
stages are required. However, in the pipeline
architecture, the error from a large comparator offset in
the flash ADC section of each stage can be easily
compensated with DEC technique. So the comparator
offset is not a critical specification. Dynamic comparator
is a good choice here because this type of comparator has
no dc power dissipation, although it has a large offset
due to process variations and mismatches. One
implementation of a dynamic comparator is shown in
figure 9 and its threshold voltage is Vinn [3]1[4].

The comparator uses clock signal ¢, in figure 4. The
comparator senses the input signal and regenerates the
analog signal into full-scale digital signal when @, goes

low and the output is reset when ¢, goes high.

Since this A/D converter has a full-scale signal of +1
V, the converter, with DEC technique, can tolerate
comparator offset up to £250 mV. From simulation with
3o transistor mismatch, the comparator offset is less
than 206 mV. The power dissipation of all 19
comparators is only 1.4 mW at 40 MHz operation.

4.3 Low-voltage switch

In_high-speed low-voltage SC circuits, on-resistance
of MOS switches limits the tracking speed and the
settling time. Therefore, switch on-resistance must be
low enough to not degrade the speed performance.
Moreover; the resistance of MOS switches has nonlinear
voltage dependency, which can produce distortion when
tracking the input signals. The only way to eliminate the
nonlinear voltage dependency is to turn on a MOS switch
with constant voltage across its gate-source, therefore,
bootstrapped switches are required.

Bootstrap generators are needed to generate voltage
equal to the supply across gate-source of the MOS switch
to turn it on. The bootstrap generator is shown in

figure 10 [2]. When ¢ goes low, M;-Ms and My; are on.



Gnd
Figure 10. Bootstrap generator.
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Figure 11. Compact delay unit.

Gate of the switch (Msy) is connected to ground and
C, is connected across supply voltage and ground.
\oltage across C, is equal to Vpp and Vs Is equal to -Vs;

Hence, the switch is turned off. When ¢ goes high, Ms-

My are onand C, is connected across gate-source of
the switch. However, there is some charge leakage from
C, to parasitic capacitances C, and thus Vs is dropped
from Vpp according to eq.(8).

£ F
c,+C, .~

For 10-bit 40-Ms/s A/D converters, the switch on-
resistance must be low enough to obtain switch
bandwidth much greater than 20 MHz and total harmonic
distortion (THD) better than 62 dB. Therefore, from (8),
C, must be large enough to yield low switch on-
resistance for 10-bit 40-Ms/s requirements. From the
simulation, C,=700 fF is large enough to maintain total
harmonic distortion better than 62 dB which is good
enough for a 10-bit A/D converter.

Vgs = (8)

4.4 Delay unit for DEC Adder

In pipeline A/D converters, digital ‘output from the
earlier stages have to wait until the last stage gives the
correct digital value before performing the DEC;
therefore, delay units are needed. The first stage digital
outputs have to wait 8 clocks. Since the output is 1.5 bit,
16 delay units are needed. Hence, the total delay units for
all nine stages are 72 units. The shift register shown in
figure 11 consists of three inverters and two transmission
gates. The power consumption at 40 MHz is only 32.2
uW/unit.
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Figure 13. Integral nonlinearity.

Table 1. A/D Performance summary.

Simulated performance

Resolution 10 bits
Sampling rate 40 MHz
Supply voltage 25V
Differential input range +-1V
SNDR @ 100 kHz input 59.3 dB
SNDR @ 15.1 MHz input 55.1 dB
DNL <0.5LSB
INL <1.0LSB
Power consumption 34.8 mW
Technology 0.5um

5. SIMULATION RESULTS

The circuit simulation-was. done by H-Spice and the
results 'were recalculated by MATLAB to obtain
differential nonlinearity (DNL) and integral nonlinearity
(INL) as shown in figure 12 and figure 13 respectively.
This simulation has been checked with all process
corners and includes the effect of 3o capacitor
mismatch, comparator offset, £10% variation in poly-
poly capacitor size and temperature varying from 0°C to
70°C.

The static linearity shown in figure 13 and figure 14
indicated that the proposed ADC has a good linearity
with DNL less than 0.5LSB and INL less than 1LSB.
This guarantees that the ADC does not give any missing
code.




Table 1 summarizes the simulated A/D performances.
The peak SNDR is 59.3 dB at 100 kHz and 55.1 dB at
15.1 MHz sinusoidal input with a clock frequency of 40
MHz. This shows that the ADC can achieve 10-bit
performance at sampling rate of 40 MHz with 34.8 mW
of total power dissipation from a 2.5-V supply.

6. CONCLUSION

This A/D converter is suitable for high-speed portable
instruments and high quality video systems. Low power
consumption is obtained by optimizing opamp
bandwidth, common-mode stabilized load and double
sampling technique. It can achieves 10-bit performance
at sampling rate up to 40 Ms/s, while dissipating only
34.8 mW from a 2.5-V supply.
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